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This study presents a methodology to assess the possible benefits of the combination of wind energy with
the still unexploited, but quite significant in Ireland, wave energy. An analysis of the raw wind and wave
resource at certain locations around the coasts of Ireland shows how they are very low correlated on the
South andWest Coast, where thewaves are dominated by the presence of high energy swells generated by
remotewesterlywind systems. As a consequence, the integration of wind andwaves in combined farms, at
these locations, allows the achievement of a more reliable, less variable and more predictable electrical
power production. The resulting benefits are particularly clear in the case of a relatively small and quite
isolated electrical system such as the Irish one. Here, in fact, high levels of wind penetration strongly
increase the requirement of surplus capacity and cause a much lower efficiency for conventional thermal
plants.
 2009 Elsevier Ltd. All rights reserved.1. Introduction
In response to the relatively urgent need to reduce the depen-
dence from fossil fuels, particularly in the sectors of energy supply,
industry and transport, many legislative organs worldwide have set
some targets to constrain the turning towards renewables. In
particular, the European Union stated that a 20% target for the
overall share of energy from renewable sources and a 10% target for
energy from renewable sources in transport would be appropriate
and achievable objectives, and that a framework that includes
mandatory targets should provide the business community with
the long-term stability it needs to make rational, sustainable
investments in the renewable energy sector which are capable of
reducing dependence on imported fossil fuels and boosting the use
of new energy technologies [1]. Along with these mandatory
targets for the EU member countries, many of the nations set their
own targets locally. In the specific case of Ireland, on which this
study is focused on, the target to be achieved in 2010 from the EU
Directive is 13.2% of gross electricity consumption from renewable
sources, but nationally Ireland set amore ambitious target of 15% by
2010 and 33% by 2020.þ353 1 708 6027.
usco).
All rights reserved.In the most recent study from the independent electricity
transmission system operator in Ireland, Eirgrid, it was reported
that the installed conventional generation capacity is 6013 MWand
that the installed renewable capacity is greater than 1300 MW,
mainly deriving fromwind (1050 MW) and hydro (nearly 240 MW).
The demand for electrical energy, showing a peak of 4906 MW in
2007, is growing at a rate of approximately 3% per annum for mid-
year data, and at an estimated rate in the range of 2–4% per annum
for the peak demand (although a revision of these figures between
2008 and 2010 is expected due to the slowing down of the
economy). In order to realise the 2020 target of 33% of electricity
demand to be met by renewables, Ireland is putting particular
reliance on wind, so that connection of 250 MW wind capacity has
already been scheduled and there is a plan to assign further
3900 MW in the next two and a half years [2].
Such a high level of wind penetration, however, does not come
without difficulties, as was reported in Ref. [3]. It requires higher
surplus capacity for supply security reasons (reliability impact), due
to the source variability and difficulty of prediction, and it causes
a much lower capacity factor for conventional plants (balancing
impact). More frequent on/off and output variations for thermal
plants significantly affects their efficiency with resulting higher
electricity production costs and CO2 emissions. So, for example,
considering a system with peak demand of 5000 MW, while the
expected CO2 emission savings would be nearly 5.4% for an installed
wind capacity of 500 MW, an increase to 1500 MWwould cause the
F. Fusco et al. / Energy 35 (2010) 314–325 315emission savings to raise only up to 12.9% (and not up to an
expectable 16.2%) [3]. The capacity credit, measuring the amount of
load that can be provided by a variable plant with no change in the
reliability of supply (and so effectively the actual amount of
conventional plants that can be displaced by variable renewable
plants) is heavily affected as well. An Irish study from Eirgrid, based
on 2006wind data, established that this capacity credit is reasonably
significant at low levels of wind penetration, but the benefit tends
towards saturation aswind penetration levels increase, as illustrated
in Fig. 1. This is because there is a significant risk that a single source
of failure (i.e. very low or very high wind speeds across the country)
will result in all wind farms producing practically no output for
a number of hours, even allowing for geographic diversity [4].
These effects are particularly stark in the specific case of Ireland,
which has little scope to smooth out the intermittent production
pattern of wind through interconnection on scale. Consider, in fact,
that the power system in the Republic of Ireland and Northern
Ireland acts as a single power system of about 8500 MW, consid-
erably smaller than the United Kingdom’s (76,000 MW) and not
comparable at all to the continental Europe UCTE power system
(600,000 MW). Note that the interconnector between Northern
Ireland and Scotland, and the planned interconnections between
Ireland and UK and France are non-synchronous DC connections
and do not contribute to create a single system. The wind pene-
tration over the global power system, therefore, will be significantly
higher than in other countries, making the cited difficulties of
reliability impact, balancing impact and saturation of the capacity
credit particularly significant in the attempt to achieve the stated
33% target. This issue of the integration of a high share of inter-
mittent resources into the energy system, especially the electricity
supply, is considered as one of the main challenges of renewable
energies for sustainable development [5,6].
The main reasonwhy the value of wind energy declines (indeed
this is true for any renewable source) lies in the fact that the output
from successive increments of capacity is correlated with that
already in the system [7]. In contrast, combining capacity from
renewables with uncorrelated or complementary outputs can be of
considerable benefit, so that the potential synergies among
different renewable sources are clearly much too important to
ignore, as they may often make the combined exploitable potential
larger than the sum of the parts considered in isolation [8]. A
number of studies have been carried out on the large-scale inte-
gration of power from renewable into the electricity supply [9–11].0
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Fig. 1. Wind capacity credit in Ireland, withIreland, together with the considerable wind potential, offers an
enormous ocean wave resource, which is expected to make
a significant contribution towards Ireland’s future energy require-
ments (note that innovative combined wind and wave energy
conversion systems are being developed [12]). Moreover, it offers
the possibility of introducing that diversity in the renewable sources
mix that may help to reduce the variability and uncertainty in the
produced power, so to improve its reliability, at high level of inter-
mittent source penetration in the power system. This study will
assess that the correlation between thewind andwave resource can
be quite low over significant parts of the year, particularly at some
locations, so that their aggregation and combination can reduce the
overall variability of the power produced, with all the resulting
benefits in terms of improved capacity credit and improved effec-
tiveness in the reduction of green house emissions.
Unfortunately wave energy is still far from being a developed
and well tested technology, so that it is not expected to make
a significant contribution to a more renewable-oriented power
supply system before the year 2020. The results of this study,
however, will hopefully make a significant contribution to eventual
attempts to the achievement of further targets thatmay be set in the
following decades, consisting of much higher levels of penetration
of renewable sources in the power system.2. Methodology
The key benefit, deriving from the diversification of the mix of
renewable technologies, lies in the possibility of reducing the
variability of the produced power. When adopting a single variable
source (for example wind) the only way to reduce variability is by
geographical diversity and displacement of the farms. When
considering different variable sources, if they are uncorrelated,
their combination is a powerful alternative in order to obtain
a reduction of the overall variability of the produced power.
The methodology will therefore focus, firstly, on the assessment
of the correlation between raw wave and wind power, as discussed
in Section 2.2, available at different significant off-shore locations
around Ireland, which are documented in Section 2.1. The vari-
ability and the predictability of the power produced by hypothet-
ical wind and wave farms are then quantified according to the
methodology described in Section 2.3. Finally, Section 2.4 presents
the error analysis of the adopted methodology for this study.00
22
00
24
00
26
00
28
00
30
00
32
00
34
00
36
00
38
00
40
00
d Capacity (MW)
All-Island Wind Capacity Credit
respect to installed wind capacity [2].
2000
3000
te
d 
po
w
er
 [k
W
]
a
F. Fusco et al. / Energy 35 (2010) 314–3253162.1. Available data and locations
The data utilised for this study was provided by the Irish Marine
Institute in the form of hourly spaced observations collected
around the coast of Ireland by means of weather data buoys. The 4
buoys which will be considered are located as in Fig. 2, with some
other locations neglected due to the lack of a complete set of
observations, because of long periods of operational problems.
These sites represent, however, a significant enough set in order to
cover the main diversities in the Irish wind–wave climates.
The observations consist of wind speed vw, wave period Tz and
significant wave height Hs time series collected in the period from
January 2002 to January 2005. Due to technical problems experi-
enced by the different data buoys, the time series are affected by
several sets of missing measurements (single points to entire days).
A preprocessing procedure was then implemented in order to
reconstruct some of them. Up to 2 missing samples were interpo-
lated through cubic splines [13], while more than 2 samples-long
holes were discarded. This still allowed the availability of signifi-
cant portions of the observations (minimum 168 samples-long,
corresponding to 3 weeks) for at least two months of every season
in each year considered.
2.2. Raw data analysis methodology
The variability of the power produced from a mixed farm is only
reduced if the different variable sources appear in different
moments so that they balance each other’s variations. This property
can be quantified through the cross-correlation, given by the
following expression, for two generic signals, x(k) and y(k):
cðsÞ ¼ 1
N
XNs
k¼1
½xðkÞ  mk½yðkþ sÞ  mk
sxsy
(1)
where mx, my and sx, sy are the mean and the standard deviation of x
and y. The quantity c(s) gives the correspondence between two
signals, at a time lag s. In our study, we are particularly interested inFig. 2. Locations of the Irish Marine Institute data buoys.assessing the instantaneous correspondence between wind and
wave power at the different locations, so c(0) is of particular
interest, with the following interpretation:
 c(0)¼ 1: The resources correspond perfectly, they are present
at the same moments.
 c(0)¼ 0 The resources have absolutely no correspondence,
there is no common pattern in their evolution.
 c(0)¼1: The resources have a perfect inverse correspon-
dence, they are at the opposite of their mean level in every
instant.
In order to obtain the available raw power, the time series of vw,
Tz and Hs must be converted into units of power. In this respect, the
wind power density (power per unit area) is calculated bymeans of
the following expression [8]:
Pwind ¼
1
2
rav
3
w

W
m2

(2)
where ra is the air density and vw the wind speed. The wave power
density (power per unit of crest width) is based on the following
formula, valid for harmonic waves under the deep water assump-
tion (water depth much greater then wave length), which is true at
the considered off-shore locations [14]:
Pwave ¼ rwg
2H2T
32p

W
m

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Fig. 3. (a) Power curve for a Vestas V90 3.5 MWwind turbine. (b) Power matrix for the
Pelamis 750 kW wave energy converter.
F. Fusco et al. / Energy 35 (2010) 314–325 317where rw is the water density, g is the gravity acceleration, H is the
wave height and T is the wave period.
Correlation is a purely statistical measure and it is therefore
important to provide some physical justification in order to support
whatever conclusion might emerge from the analysis. A method-
ology will then be proposed, based on the knowledge about the
process of wave generation from wind. It was experimentally
shown how a wind speed U19.5, measured at 19.5 m above the sea
level, produces, if blowing over a sufficient fetch and for enough
time, a wave system defined by the following significant wave
height Hs and period Tz [15]:
Hsz0:21
U219:5
g
(4)
Tz ¼ 2p0:4
ffiffiffiffiffi
Hs
g
s
(5)
This allows the calculation of the expected wave height and
period, based on the wind speed measurements, and the compar-
ison with the values actually observed. A significant disagreement
would encourage the hypothesis of a low correlation betweenwind
and wave power, probably due to the presence of a remotely
generated wave system (generally a low frequency swell), which
would be very likely to be observed off the West and South–West
coast of Ireland, particularly exposed to the Atlantic Ocean.2.3. Power extracted from hypothetical mixed farms
Initially, the available raw power must be converted into actual
extractedpower fromhypotheticalwind andwave farms. Regarding0 5 10 15 20 25 30
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Fig. 4. Distribution of the power extracted by an hypothetical off-shore wind turbine V90 a
buoy M1, West Coast of Ireland.the power extracted fromwind, the relatively mature state of wind
turbine technology permits the use of well established power
curves. A typical 3.5 MWoff-shorewind turbinewas chosen for this
study, whose power curve is shown in Fig. 3a. Computing the
extracted power fromwave energy devices, on the other hand, is not
as straightforward, mainly because of the fact that there is little
established wave technology and the operating principles of the
available devices are very diverse, so that it is difficult to find
a standardisedmeasure of the extracted power in the case of waves.
For this study, the 750 MW Pelamis wave energy converter is
chosen, because of thewell documented characteristics of its power
production, which is articulated through the published power
matrix, as in Fig. 3.b
In order to determine thepower extracted froma farm, the power
from single devices must be projected to the corresponding number
of wind turbines and wave energy converters, depending on the
considered mix. For this study 50 MW farms have been considered,
where the number of devices are calculated so that their combined
yearly average power output level is 50 MWand the consideredmix
is respected. The reasonwhy the rated capacity is not used is that the
capacity factors for wind turbines and the Pelamis are not the same,
due to the significant differences in the probability distribution of
their produced power, as it can be appreciated from Fig. 4. Wind
turbines, most of the time,work either at low level or at full capacity,
whereas the Pelamis power output ismostly concentrated at average
levels, so that a comparison based solely on the capacity and not
taking into account the capacity factor, would be quite unjust and
might return misleading results.
A more precise estimation of a farm power output would involve
the introduction of a smoothing effect due to the spatial diversity of
the individual turbines/WECs, whereas only single point measure-
ments are being utilised in this study. While the problem for wind0
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nd a hypothetical Pelamis wave energy converter, based on observations from the data
F. Fusco et al. / Energy 35 (2010) 314–325318farms has been well studied and some methodologies were devel-
oped (e.g. refer to [16,17]), the state of the art for wave energy is still
too immature to allow such amethodology to be developed for wave
energy converter arrays. This is the reasonwhy this smoothing effect
has been discarded in the present study.
Once the measurement time series from the data buoys at the
different locations are converted in hypothetical power outputs
frommixedwind andwave farms, their characteristics of variability
and predictability are compared in order to evaluate the eventual
benefits that a heterogeneous mix can introduce with respect to
a single resource and the differences in characteristics with respect
to the location.
The variability is analysed on the basis of three significant
quantities.
1. An absolute variability index, D, is calculated as the cumulative
sum of the variations over all the considered data set:
D ¼
XN1
i¼1
jxiþ1  xij (6)
where xi is the estimated power extracted at hour i.
2. The standard deviation s [18] is a useful measure, indicating
a typical range, in kW or MW, around the average level for the
produced power (e.g. with a 95% probability the power output
is within a 2s range from the average level if the distribution
is Gaussian).
3. The third variability measure proposed quantifies the number
of hours (as a percentage over the total hours considered) the
farms produce a certain power output level. This is particularly
interesting, in that one of the main problems of wind farms is
that they show considerable periods of time with zero power
produced, so that it is very important to verify if the situation
changes and to what extent when considering mixed farms.
Regarding the predictability, a very useful quantity is proposed,
which is independent of any specific algorithm that may be used to
produce the actual prediction, defined as the ratio of the variance of
the optimal k-step-ahead prediction, to the variance of the real
signal s2x :
R2ðkÞ ¼
s2bxk
s2x
(7)
This predictability index is bounded between 0 (signal
completely unpredictable, white noise) and 1 (signal perfectly
predictable, deterministic). An efficient algorithm for its compu-
tation was proposed in [19] and it is adopted for this study. Note
that the quantity R2(k) is a simplification of a more general
predictability notion based on mutual information theory [20],
where only the linear interactions in the time series are considered.
It is, however, enough for the comparison purposes of this study.2.4. Error analysis
In order to properly evaluate and consider the results presented
in this study, the basic hypothesis, assumptions and errors are here
outlined.
The wind and wave measurements collected by the data buoys
have an accuracy specified as follows:
 Hourly wind speed is with an accuracy of 2 kn, in the interval
[0, 40] kn, and of 5% in the interval [40, 200] kn. The wave height is calculated as four times the root mean
square (RMS) value of the wave elevation observed for 17.5 min
every hour, and the accuracy is 2 5%.
 The wave period is recorded on the basis of the number of
times the wave elevation, observed for 17.5 min every hour,
passes through the mean water level in upward direction. It is
quantized so that the accuracy is 0.5 s.
As explained in section 2.1, over the data collection period
considered (January 2002 to January 2005), both long (several
days) and short (a few samples) data segments aremissing from the
records. In order to extract large continuous portions of useful data
a preprocessing procedure was applied were up to two consecutive
missing samples were interpolated with cubic splines. For the
presented results only contiguous segments at least 3 weeks long
(168 samples) were considered.
The evaluation of the extracted power from the time series is
based on certain assumptions over the particular device. In the case
of wind, the well advanced state of the technology produced
a certain convergence of the performance of the off-shore wind
turbines available on the market, so that their power curves are
quite comparable. The field of wave energy, on the other hand, is
still an assortment of different devices, based on rather diversified
operating principles, so that their power curves are very different
among each other and can also be very site specific. The proposed
device for this study is the Pelamis, because it is the one of the few
devices which is well documented, as regard its power matrix
characteristics, thanks to its relatively advanced state of testing and
development. It is based on a robust concept designed for off-shore
applications and high energy sea states, so that the results
regarding wave energy are slightly West and South coast biased, in
that the predominant sea states, in contrast to the East coast,
occupy the central part of the Pelamis power matrix.
3. Results
According to the methodology outlined in Section 2, the results
of this study are collected into a preliminary analysis of the raw
wind and wave resource available at the considered off-shore
locations, and then the evaluation of the possible benefits that
heterogeneous farms can bring about in terms of reduced vari-
ability and improved predictability of the power injected into the
grid.
3.1. Wind and wave power around the coast of Ireland
The instantaneous correlation coefficient c(0) between wind
and wave power, estimated on the basis of data collected through
year 2002 to early 2005, is shown in Fig. 5 for the different locations
and for different seasons. There is a clear difference between the
East Coast, where the correlation between the wave and wind
resource is quite strong, and the West and South coasts of Ireland,
wherewind andwaves seem to be less correlated. This result was to
be expected, as theWest and South coasts of Ireland are completely
exposed to the Atlantic Ocean and therefore to waves remotely
generated by westerly wind systems, which have little correlation
with the local weather conditions closer to the Irish coast and
which are known to contain most of the wave energy (they are the
so-called swells). The East Coast, on the other hand, due to the
presence of Ireland itself as a shelter from the South–West pre-
vailing swell waves, experiences mostly wind waves generated by
local winds (either north esterlies or attenuated westerlies) so that
the correlation is much higher.
The instantaneous correlation, however, gives only a limited
view of a bigger picture, as it is clearer from the temporal
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Fig. 5. Seasonal average of the instantaneous correlation, c(0), between raw wind and wave power at different locations.
F. Fusco et al. / Energy 35 (2010) 314–325 319correlation details of Figs. 6 and 7, where the wind and wave power
time series behavior is shown. The portion of data from the East
Coast shows that wave and wind power, apart from a scaling factor,
evolve according to the same dynamics and this confirms the
hypothesis of the presence of mainly wind waves, generated by
local winds. The slight delay, about 2–3 h (it can be determined as
the maximum point of the temporal correlation), is due to the time
required for the waves to develop, which is relatively short for low
energies. Fig. 6, documenting the West Coast correlations, reveals
a poor correspondence between waves and wind patterns, where
there might be an independent swell superimposed on the local0 50 100 150
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Fig. 6. Raw wind and wave power, with their estimated temporal correlation, fwind waves, which are evolving according to the local wind
pattern.
A further confirmation that the low correlation at some loca-
tions is mainly due to the presence of a swell superimposed on local
wind waves can be had by comparing the observed sea state with
that expected due to the local wind conditions, according to the
method outlined in Section 2.2. This comparison is expressed once
again with the correlation and the results are plotted in Fig. 8, both
for the wave period and the significant wave height. A much
stronger agreement is found for the East Coast location, particularly
regarding the wave period, whose estimation is quite uncorrelated200 250 300 350 400
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Fig. 7. Raw wind and wave power, with their estimated temporal correlation, for a sample collected in Summer 2004 from the M2 data buoy, East Coast.
F. Fusco et al. / Energy 35 (2010) 314–325320(or even slightly anti-correlated) with the real observations at the
South andWest locations. In order to have a clearer comprehension
of the reasons for these results, Fig. 9 presents a detailed repre-
sentation of the comparison of expected wave height and observed
wave height at theWest and East locations. While for the East Coast
data, the agreement is quite good, the situation of the West Coast
denotes an estimated wave height which is most of the time much
lower than the observed one. The latter, in fact, contains waves that0
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Fig. 8. Correlation between observed wave periods and significant wave hare not generated by local winds and that are completely neglected
by this method. The same conclusion can be drawn from a detailed
comparison of the estimated and observed wave periods, shown in
Fig. 10. On the West Coast the expected wave period, most of the
time, is much lower than the observed one, because the local wind
conditions give rise to high frequency wind waves. The predomi-
nant sea state, however, is generally concentrated around the high
period swells which are travelling from remote locations where and expected Hs
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Fig. 9. A sample comparison between observed significant wave height and its estimation from wind speed measurements at the West and East Coast of Ireland.
F. Fusco et al. / Energy 35 (2010) 314–325 321they were developed. This situation would be very clear if wave
spectra were available for the considered locations, but unfortu-
nately they require higher sampling rates than those available from
the meteorological data buoys utilised in this study.0 100 200 300 400 5
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Fig. 10. A sample comparison between observed wave period and its estimatioIn the view of this study’s purposes, however, the results pre-
sented in Figs. 5–10 are more than enough to provide a clear picture
of the global situation of the wind and wave energy resource
around the West, South and East coasts of Ireland. In particular, the00 600 700 800 900 1000
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F. Fusco et al. / Energy 35 (2010) 314–325322high energy swells, at the South and West locations, are indepen-
dent from the local wind conditions, so that mixed wave and wind
farms, at these locations, are a concrete opportunity to generate
less variable and more consistent electrical power.100% 80% 60% 40% 20% 0%
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Fig. 12. Estimated standard deviation of the extracted power from hypothetical combined
output, at different locations.3.2. Benefits of wind/wave combined farms
The most obvious benefit that can be expected from a diversifi-
cation of the renewable mix for the electricity production is the100% 80% 60% 40% 20% 0%
0
0.5
1
1.5
2
Proportion of 50 MW met by wind
St
an
da
rd
 d
ev
ia
tio
n 
re
la
tiv
e 
to
 c
ap
ac
ity
 
(σ
/5
0M
W
)
 Location M2, East Coast
100% 80% 60% 40% 20% 0%
0
0.5
1
1.5
Proportion of 50 MW met by wind
St
an
da
rd
 d
ev
ia
tio
n 
re
la
tiv
e 
to
 c
ap
ac
ity
 
(σ
/5
0M
W
)
 Location FS 1, South Coast
b
d
wind and wave farms, all delivering approximately an yearly average of 50 MW power
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Fig. 13. Time distribution of the power extracted by an hypothetical off-shore wind turbine V90 and an hypothetical Pelamis wave energy converter, based on observations from the
data buoy FS1, South Coast of Ireland.
F. Fusco et al. / Energy 35 (2010) 314–325 323reduced variability, which directly reduces the required surplus
capacity from traditional thermal plants and the frequency of their
startups/shutdowns, thus improving the capacity credit deriving
from the renewable farm.
Fig. 11 shows the absolute variation of power, at different
locations, produced from farms composed of different mixes of
wind energy and wave energy devices. The trend is quite clear for0 10 20 30 40 5
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Fig. 14. Distribution of the power extracted by hypothetical combinethe West locations, where the variability reduces while moving
to mostly wave-oriented solutions, and for the East coast, where
the situation is reversed. A less clear trend can be observed for
the South FS1 location, where the best mix is somewhere in-
between.
A quite similar picture can be derived from the standard devi-
ation analysis, which is shown in Fig. 12. Only for the South Coast0 60 70 80 90 100
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Fig. 15. Predictability of the power extracted from hypothetical combined wind and wave farms off the West and East Coast of Ireland.
F. Fusco et al. / Energy 35 (2010) 314–325324location, the situation is different, in that it presents a better
performance for mostly wind composed farms. This different
situation for the two indices at the South location may be explained
by the fact that, although there is a low correlation between the
wind and wave resources, so that the global variability is reduced
through combination, the wave energy devices would most of
the time produce low power outputs (refer to Fig. 13), so that
the extracted power excursion from the average level, measured
by the standard deviation, would still be large.0 5 10
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Fig. 16. Predictability of the power extracted from hypothetical combinedOne more important property to be considered is the time
distribution of the power output from a farm, that is for how long
a certain power output is experienced. Fig. 14 shows the two
extreme situations of the West coast and East coast (South and
South–West are somewhere in-between). Whereas the introduc-
tion of even a small percentage of wave energy, e.g. 20%, in the
mixed farms on theWest Coast allows for a strong reduction of very
low (or null) power production periods, the situation on the East
Coast is not that appealing, as expected.15 20 25
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wind and wave farms off the South–West and South Coast of Ireland.
F. Fusco et al. / Energy 35 (2010) 314–325 325The final property considered in this study is the predictability
of the power produced by combined wind and wave farms. Before
presenting the results, it is worth noting that the power time series
we are considering here have been statically mapped from wind
speed and wave conditions time series, which means that their
dynamics do not change. In reality, a filtering effect would be
present, which would modify their dynamics, making the power
time series smoother. Considering the wind, in particular, reason-
able predictions of thewind power output from off-shore farms can
be obtained for up to 48 h ahead (refer to [21,22]), but the actual
wind speed is much harder to predict because of its rather erratic
behavior. Waves, on the other hand, have much smoother
dynamics, particularly the high energy swells, so that they are
easier to predict. The smoothing effect introduced by wave farms
cannot be reasonably estimated, as already said, so that for a more
just comparison, the effect is discarded for the wind power as well.
It emerges, therefore, from the results in Figs. 15 and 16, that there
is an improvement when moving to more wave-oriented solutions
on the West and South coasts, whereas no real change is experi-
enced for the East location. Wind waves, predominant on the East
are, in fact, more irregular than the big swells present off the South
and West coast, so that their predictability is negatively affected.4. Conclusion
The variability of the power produced from renewable sources
and its uncontrollable nature negatively affects their effectiveness
in reducing the requirement for thermal plants (it reduces their
capacity credit) and makes them a less attractive and a potentially
more expensive alternative.
Ireland, together with its great wind potential, also offers an
important and enviable wave resource. This study is therefore
focused on the assessment of the correlation between the two
resources, at different locations around Ireland, and the possibility
to reduce the variability of the power extraction if mixed wind and
wave off-shore farms are adopted, with respect to the exploitation
of solely one resource.
It is shown how the West and South coasts experience, most of
the time, wave systems where the predominant (from an energy
point of view) part is composed of large swell systems, generated
by remote wind systems, which have little correlation with the
local wind conditions. This means that the two resources can
appear at different times and their integration in combined farms
allows a more reliable, less variable and more predictable electrical
power production. The reliability is improved thanks to a signifi-
cant reduction of the periods of null or very low power production
(which is a problem with wind farms). The variability and
predictability improvements derive from the smoothing effect due
to the integration of poorly correlated diversified sources.
On the other hand the combination of wind and waves off the
East Coast does not appear to be an attractive solution, due to
a quite limited wave energy resource, which is strongly correlated
to the local wind conditions. The results here were also coloured by
the choice of a wave energy device, the Pelamis, which is more
suitable to the sea states typical of the West coast. But it is
reasonable to expect that even the choice of a different wave energy
converter, for smaller sea states, would not improve significantlythe properties of variability, reliability and predictability at this
location, due to the strong correlation between the two resources.
The conclusion is, then, that the potential benefits of the inte-
gration of wind and wave resources, where the climate of the
location is appropriate, are too important to be neglected. This
paper establishes the groundwork to allow the quantification of
these benefits, particularly from a raw resource assessment point of
view. With wave energy technology becoming more mature, it will
then be possible to develop a more complete analysis where these
benefits are integrated, together with the actual costs of the
different wave and wind technologies, in a global functional, whose
optimisation shall lead to a proper dimensioning and design of off-
shore combined farms, given the climate of a certain location.
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